The performance characteristics of an extraction/enzymatic procedure for serum cholesterol measurement were evaluated. The procedure is substantially derived from the accepted reference method as standardized by the Centers for Disease Control, substituting the enzymatic reaction for the LiebermannBurchard reaction. Imprecision (CV) was consistently < 1.5%, and accuracy was comparable to that of the definitive isotope dilution mass spectrometry method and the accepted reference method. Direct comparison of the enzymatic with the Liebermann-Burchard reaction, using a set of 50 human sera, revealed about -0.05 mmol/1 constant bias of the former versus the latter, this being possibly due to higher specifity of the enzymatic reaction. As compared with the accepted reference method, the method described is characterized by higher practicability, the reagent being easier to prepare and to handle, and generating a more stable, chemically defined end-product.
Introduction
The correct approach for an effective control of accuracy in clinical chemistry has been discussed in general terms by Tietz, in 1979 (1) . In the case of the measurement of serum cholesterol concentration, the implementation of a "Reference System" (2) has been made possible through the availability of a definitive method (3) based on isotope dilution-mass spectrometry (IDMS), and a reference method (AK-CDC) based on the Abell-Kendall procedure, including the Liebermann-Burchard reaction, as rigorously defined by the Centers for Disease Control (CDC) (4) .
In the process of transferring accuracy from the higher-class analytical level to the routine, every-day every-system level, a key role is played by the reference method. This should be used for the direct assessment of the accuracy of each routine method, in measuring cholesterol concentration in fresh patient sera (2) . In this operation, the utilization of the definitive method is hindered by its low practicability. It follows that the reference method, whilst maintaining accuracy comparable to the definitive one, should be practicable enough to be performed widely.
Suggested alternatives to the reference (AK-CDC) method include gaschromatographic (5) and extraction/enzymatic (6, 7) techniques. In the latter, the cholesterol oxidase/peroxidase/chromogenic acceptor reaction (8) replaces the Liebermann-Burchard reaction in an AK-CDC-like analytical procedure. Advantages of the former over the latter reaction are two-fold: from the practical point of view, the enzymatic reagent is available in pre-packed form, is a less viscous and neutral solution, and it generates a more stable chromogen; from the theoretical point of view, the enzymatic reaction is more specific for cholesterol, and it gives rise to a chemically defined component. In 1984 (6) we reported favourable results in our use of the extraction/enzymatic procedure, and suggested its use as a possible alternative for reference-class measurements. In this paper we report further results concerning the analytical reliability of the extraction/ enzymatic procedure.
Materials and Methods
Analytical-grade chemicals (from Merck) were used throughout. Pure cholesterol for calibration (reportedly equivalent to NBS) and the enzymatic cholesterol reagent, available as a testkit (CHOD-PAP, High Performance), were from BoehringerMannheim; final concentrations in the reagent, reconstituted as recommended by the manifacturer, are (9) The proposed (reference) extraction-enzymatic procedure was performed as previously described (7), with a major modification in the extract-drying step, which will be discussed later.
Briefly, 250 μΐ of serum (or cholesterol solution or ethanol) are mixed with 2250 μΐ of ethanolic potassium hydroxide solution (approximately 9 mol/1), and incubated for 3 hours at 37 °C. Water (2.5 ml) is then added, followed by 5.0 ml of hexane.
After vortexing (3 χ 20 s), l ml of the hexane phase is transferred to 16 χ 75 mm tubes, and dried at 69 ± 0.5 °C in a thermostatted aluminium block. Drying is complete in about 45 minutes; tubes are removed from the block as soon as they are dry. Ethanol (0.5 ml) is added to each tube, followed by 3 χ 20 s vortexing and by the addition of 5.00 ml of freshly reconstituted enzymatic reagent. After 4 minutes incubation at 37 °C, and 4 minutes equilibration at room temperature, absorbance values are measured (blank, calibrators and samples) against water at 495 nm. Readings are taken following the order of reagent addition, but the exact timing is not critical (see later).
For calibration, fresh cholesterol solutions are prepared each time, by weighing 3 different quantities of cholesterol to the nearest 0.01 mg, and dissolving them in ethanol with gentle warming. After careful equilibration at 20 °C, volumes are made up to 50.00 ml; final concentrations are chosen to cover the range 2.59 -10.34 mmol/1. For each analytical series, the three solutions (equilibrated at 20 °C), and ethanol for the blank, are pipetted in duplicate together with the samples, and submitted to all the steps of the procedure. The 4x2 absorbance values are regressed against cholesterol concentration (0 in the case of blanks), thereby generating the calibration function used for calculating the concentration in unknowns, and the statistical parameters for the evaluation of the calibration line itself.
In the overall procedure, the critical volumetric steps are:
1) dilution of the 250 μΐ of sample (or ethanol or calibrators) with 2250 μΐ of ethanolic potassium hydroxyde solution: for this, a Microlab M dilutor (Hamilton) was used;
2) pipetting the 5.00 ml of hexane: for this a Multipette 4780 (Eppendorf) was used;
3) sampling the 1.00 ml of extract: this was done with a positive displacement sampler (macro-Transferpettor, Brand); 4) pipetting the 5.00 ml of enzymatic reagent: this was done with the Hamilton diluter.
Compatibility of the plastic parts of the measuring devices with hexane was tested in advance. Imprecision (CV from 20 replicate measurements) and inaccuracy were checked gravimetrically with the following results: <0.1% and <0.2% respectively for the diluter; < 0.3% and < 1.5% respectively for the other devices.
For direct comparison of the two reactions, aliquots of 1 ml and 2 ml from the same hexane phase were dried in separate tubes, then submitted to the enzymatic reaction as described here (1 ml aliquot), or to the Lieber mann-Bur chard reaction (2 ml aliquot), by adding 2.50 ml of the reagent (4), incubating 30 minutes at 25 °C and reading at 630 nm with accurate timing (4). Spectrophotometric readings were taken with a Uvicon 860 (Kontron) double beam spectrophotometer with conventional optical-glass cuvettes, light-path 10.0 nm. Alternatively, a mod. CL-750 spectrophotometer (Shimadzu), equipped with flowthrough 10 mm light-path cell was used, with equivalent results.
All samples were assayed in duplicate (up to 4 replicates in experiments for assessing imprecision). Normally, an analytical series included up to 12 samples, three calibration solutions, one blank and one or two control materials (all assayed in duplicate, total up to 36 tubes). The working time was about 4 hours, excluding hydrolysis and drying time, and the time for the preparations of the calibrators.
Results

Calibration
The calibration line was accepted if the following requirements were fulfilled:
-| (mean blank absorbance) -(intercept) | < 0.0035 absorbance units; -difference | (weighed value ) -(calculated value from the equation) | < 0.071 mmol/1 for each of the 6 calibrators; standard deviation of the differences < 0.0375 mmol/1; r > 0.9998.
The long term stability of the calibration, as demonstrated by constancy in the slope value, is shown in table 1 . Blank values were in the range 0.022-0.033 absorbance units.
Drying of the 1 ml aliquot of hexane extract
As mentioned, we modified our drying technique and therefore we checked for possible lost of cholesterol. Tubes with the same amount of extract were removed from the heating block immediatly after drying or left in the block for additional periods of time, up to 30 minutes. The reaction was then performed on each tube, and the results are shown in figure 1.
Development and stability of the colour Dried extracts were submitted to the enzymatic and to the Liebermann-Burchard reactions, and the absorbances of the mixtures, at 495 and 620 nm respec- dried extract at 69 °C (x-axis. minutes) on the recovery of cholesterol (y-axis, absorbance values at 495 nm following the enzymatic reaction). Continuous lines: mean ± 2 standard deviations of the absorbance of samples withdrawn from the heating block as soon as dried. 
Assessment of inaccuracy
Comparison with the definitive method was achieved by measuring cholesterol concentration in lyophilized materials from different sources, which had been assayed in other laboratories by means of isotope delution mass spectrometry; the results are shown in table 3. Comparison with the reference Abell-Kendall procedure was performed in a similar way (results in tab. 4). The enzymatic and the Liebermann-Burchard reactions were also compared directly by measuring the cholesterol concentrations of 50 fresh serum samples, selected to continuously cover the range 3.43 -8.41 mmol/1; both reactions were applied to dried aliquots of the same extracts; the results are shown in figure 3 . Linear regression-correlation analysis by an ordinary least-square model gave a slope value not different from 1 (1.001 ± 0.007) and an intercept ( -0.052 mmol/1) significantly different from 0; the residual standard deviation (S yx ) was 0.08 mmol/1. 
Discussion
The described procedure is substantially a scaleddown AK-CDC procedure (4), including somewhat more drastic hydrolysis conditions (3) and substitution of the enzymatic reagent for the LiebermannBurchard reagent. Compared with the LiebermannBurchard reagent, the enzymatic reagent is faster to prepare, and easier and safer to handle. If this advantage is considered, together with the higher stability of the final colour, and the lack of necessity for accurately timed readings, it may be concluded that the goal of increasing the practicability of the reference procedure has been achieved. The reagent may be prepared in the laboratory, but we it found easier and safer to use a prepacked reagent; indeed, over a period of 6 years, using several different batches of the commercially available reagent, we obtained very reproducible calibration lines (tab. 1), as well as constant blank values. The cholesterol esterase in the mixture is redundant, but it does not interfere.
In developing the method, the main problem was dissolving the dried extract, which does not directly dissolve in the enzymatic reagent as it does in the Liebermann-Burchard reagent. Therefore we tested the compatibility of several alcohols with the reagent itself (10) . The best results were obtained with ethanol, which was found not to interfere with the reaction (kinetics and linearity) up to a volume fraction of 0.17. With the volume fraction used here (0.09), we recorded a 7.9% increase in the slope of the calibration line, and a small shift (from 498 to 495 nm) of the absorbance peak; this has no effect on the accuracy, since the same ethanol concentration is present in blank, calibrators and samples. With different reagent formulations, problems may possibly arise from interaction of the alcohol with the detergent.
Although the "direct" enzymatic method may give results acceptably well correlated with a reference procedure (11) , its use as a reference method has been reported to be unsuitable (12) By means of appropriate experimental design we measured the effect of events b) and c) and found them to be widely variable from serum to serum. Following the hydrolysis/extraction step, such events are unlikely to occur. The conditions adopted here have been chosen to allow for substantially complete hydrolysis of cholesteryl esters (3). We found also that concentrations of bilirubin and ascorbic acid, giving respectively 16% and 96% inhibition of the direct reaction, had no measurable effect after the hydrolysis/extraction step (7). Furthermore, spectrophotometric scanning of the final reaction mixture from several serum samples, in comparison with calibrators, failed to reveal any evidence of turbidity.
The overall analytical imprecision (CV) was consistently < 1.5% (16) , rarely exceeding 1%. Major sources of imprecision were found to be the critical volumetric steps, particularly the sampling of the 1 mi-aliquot of the hexane phase, which is also part of the accepted reference method. Slight inaccuracy in the volume-measuring devices is without effect on the overall precision, if the same device is used throughout the whole analytical series. The long term stability of the procedure was also found to be satisfactory.
The accuracy of the method, as determined by comparing isotope dilution mass spectrometry-values and Abell-Kendall-reference-values obtained in other laboratories, was satisfactory, although up to +3.1 and -3.6% differences were found in two instances. Direct comparison of the enzymatic and the LiebermannBurchard reactions on 50 fresh serum samples, in an experiment designed to minimize sources of discrepancies not due to the reactions, gave a constant bias (enzymatic vs Liebermann-Burchard) of -0.052 mmol/1, corresponding to about 0.8% at the 6 mmol/1 mean concentration value. It is tempting to speculate that sera contain a constant amount of non-cholesterol extractable (not identified) material, able to interfere in the Liebermann-Burchard reaction but not in the (theoretically) more specific enzymatic reaction. As a matter of fact, the AK-CDC procedure has been found to have a 1.5% systematic proportional bias with respect to the isotope dilution mass spectrometry procedure, and this has been attributed to the presence of unidentified interfering components (11) . The low specificity of the Liebermann Burchard reaction, with its undefined final product(s), is well documented (4).
It can be concluded that the herein proposed procedure is more practicable than the AK-CDC method, whilst exhibiting comparable precision and, possibly, better accuracy. More extensive comparison with the mass spectrometry-based procedures, which allow high-accuracy measurement of serum cholesterol concentration (5, 17, 18) , might better substantiate this last point. Currently transferability studies (16) should demonstrate the robustness of the method. The results reported were obtained in two laboratories (6, 7) over a 6-years period, without any evidence of discrepancies in results.
A detailed protocol of the procedure is available upon request.
